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Methods and apparatus for formatting and tracking information 

in a three-dimensional storage medium 



FIELD OF THE INVENTION 

The invention relates to methods and apparatus for formatting 3D storage 
medium and tracking. 

BACKGROUND OF THE INVENTION 

It has been suggested in the art, to store information in three dimensional 
optical storage apparatuses. One of the problems to be solved in such systems is 
how to read information from a particular point without letting the reading light 
beam being distracted by the storage medium positioned between the reading 
light source and the said particular point Another problem is how to format the 
information stored in the medium, so as it could be written and retrieved in a 
consistent manner from the medium 

US application serial no. 10/240,420 corresponding to WO 01/73779 
published October 4, 2001 and entitled "Three-dimensional optical memory" in 
the name of the present assignee, suggests reading the information by two-photon 
absorptioa In this method, the information stored in a particular point is 
characterized by the absorption coefficient in a certain frequency v, and the 
reading is carried out with two light beams having frequencies vi and v 2 , so that 
vi+V2=v (y r v2=v is also possible). Only when the two light beams intersect, the 
light may be absorbed and reading takes place. In all the points where the two 
beams do not intersect, there is no light of frequency v, and therefore no reading. 
The storage medium should be transparent to light having a frequency Vj, and 
also to light having the frequency v 2 . 
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Formattmg 

Fonnatting a data storage medium refers to the steps after the production 
of blank media before it is routinely used to read and record files and to the 
method and special standard of this format agreed between the fonnatting party 
(a device in the factory or the independent device that is one of perhaps many 
doing the recording) and the end-user party - the device that routinely uses that 
medium. We first review the state of art in standard random access, recordable, 
storage devices. 

In optical storage media in general and DVDs in particular, data is stored 
along tracks formed on one or two physical layers of the optical disc and is read 
by focusing a laser beam produced by semiconductor diodes on to the tracks, 
while spinning the disc on its axis and collecting the reflected light The tracks 
usually comprise spiral tracks on which data is written and from which the data is 
read 

In optical WORM and rewrite-able media such as DVD-R, CD-R and 
DVD-RAM formatting information is printed (embossed) on the information 
surface. On the higher level of formatting, there are, for example, more than one 
data formats, which enable reading and writing a WORM CD as a data or a music 
CD. 

Another method for the formatting of 2D optical media is disclosed by US 
5,452,285 patent (Monen) discusses the use of uniformly distributed two 
dimensional array of pits may be employed interchangeably to provide timing, 
fine tracking and address information in an optical information storage medium. 
US 4,914,645 (Getreuer) discusses a light-reflective optical disc recording system 
providing an accurate track crossing count and an accurate track following signal 
utilizing off-centered wobbled areas located in the headers of the record medium. 
The high frequency content of a first signal is combined with the low frequency 
content of a second signal, which is generated using the wobbled areas. Servo pits 
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are provided in dedicated servo areas. Two of three pits are wobble pits and the 
third pit is used in clocking. 

Many magnetic and magneto-optical storage devices use a formatting and 
tracking scheme that are referred to, as sampled servo formatting or track location 
modulation (track wobbling). US patent 6,122,133 (Nazarian et al) discusses an 
application of sampled servo methods to magnetic storage devices, the servo 
signaling which is, essentially, a modulation on the 2D structure of the data within 
the layer, allows the following of tracks in the physical layer. In the case of said 
patent, the tracks are circular in nature. The nature of the formatting of the media 
allows the extraction both tracking information and additional track data such as 
sector number and zone. Said servo signals are recorded in a multi-burst pattern 
that allows the extraction of fractional radial track error signal and the calibrated 
and controlled fractional track following 

In magnetic media, it is customary that higher level formatting of the 
device is performed at the end user location under the control of the computing 
system that uses the magnetic storage device. This gives the computing system a 
lot of space for optimizing the formatting according to the computing system 
unique requirements, one example is the ability to divide one magnetic hard disc 
into few partitions where one part is used by one Operating System (OS) and the 
other is used by another OS. The different parts are usually readable only by the 
appropriate OS. The formatting of the disc can be divided into different layers of 
format. The low level formatting of the disc is common to both OS in this 
example while the higher level formatting into an ordered file system is the part 
unique to each OS. 

Formatting enables, among other things: 

■ an agreed upon organization of the data in the medium; 

■ finding and reading the logical and physical location of the basic data 
units (data blocks, sectors, block clusters); 

■ recording data in accurately documented and retrievable locations; 
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■ tracking the data and tuning to a defined location where the data is 
stored for data retrieval, tracking (see for example USSN 10/096,369 
filed March 13, 2002 and entitled "Method for tracking data in an 
optical storage medium" in the name of the present assignee), 
inscription of Adaptive Gain Control and synchronization headers, and 
more; 

■ encompassing system information in the media e.g. disc type and 
model, sensitivity, density of recording, manufacturing information 
and Individual ID and tags; 

■ tuning the reading and or recording device parameters to the medium, 
e.g. changing laser power in DVD-R according to different media; 

■ encompassing file system and files at different levels of security and 
visibility (to the different users); 

• using a single storage medium by different users and systems that 
might or might not be visible one to the other, 

■ recovering the data integrity in the medium when some sectors are 
damaged thus ensuring robustness and survive-ability of the data 
medium. 

Tracking 

To retrieve data correctly it is essential that the reading head can locate and 
follow a desired track. In practice this leads to two different kinds of tracking 
problem: skipping from one track to another and faithfully following a single 
track. For the purpose of the present discussion, it suffices to observe that these 
two different tracking problems require different solutions and to the extent that 
the method of tracking is relevant to the present invention, the present invention is 
concerned only with the second of the two problems. 

The maimer in which CD and DVD reading head track a destination track 
is based on focusing the reading spot on to the track and measuring the intensity 
of a reflected spot by position sensitive detectors. This allows calculation of die 
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position of the reading spot and subsequent adjustment of the reading head's 
location based on the measured error. 

US 20010040844 published Nov. 15, 2001 (Sato et al) entitled "Tracking 
servo apparatus of optical information recording and reproducing apparatus" 
discloses a tracking servo apparatus using this technique. Thus, reflection light 
obtained when a laser beam is irradiated onto a recording surface of an optical 
disc is photoelectrically converted, thereby obtaining a photoelectric conversion 
signal. A tracking error signal showing an amount of deviation of an irradiating 
position of the laser beam for a track in a disc radial direction on the recording 
surface is generated by the photoelectric conversion signal. A spherical aberration 
occurring in an optical system is detected, a level of the tracking error signal is 
corrected on the basis of the detection result, and the irradiating position of the 
laser beam is moved in the disc radial direction in accordance with the level- 
corrected tracking error signal. 

Likewise, US Patent No. 6,233,210 published May 15, 2001 (Schell; 
David L.) entitled "Optical drive error tracking method and apparatus" discloses 
a method and apparatus for obtaining a tracking error signal for an optical disc 
player which is general across the various data formats found in CD audio discs 
and DVDs. A photodetector having at least four active areas is used to sense the 
reflected laser beam. A differential amplitude tracking error signal is generated by 
comparing the signal strength in the different active areas. 

These references are typical of known solutions for maintaining the 
read/write head in communication with a desired track using a photodetector 
having multiple sections that serves as a position-sensitive detector for detecting a 
component of the read/write laser beam reflected from the surface of the optical 
disc. 

For both CDs and DVDs, axial compensation translates to a focusing 
adjustment of the read/write beam. 
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SUMMARY OF THE INVENTION 

The invention is applicable to any homogenous optical storage medium in 
which any voxel/point within determined, constrained three dimensional space 
can be accessed. Thus, for example, the optical medium may be a disc rotating 
around its center or a cube that can be linearly actuated in 3D. In particular the 
invention is aimed at the formatting of a 3D optical storage medium, referred to 
simply as an optical medium or disc, such as described in Applicant's co-pending 
US application serial no. 10/240,420 corresponding to WO 01/73779 published 
October 4, 2001 and entitled "Three-dimensioned optical memory". WO 01/73779 
describes an optical disc manufactured from a single monolithic piece of clear 
translucent polymer. In the specific embodiments described therein, information 
is stored within the disc by the writing of hundreds of stacked virtual layers of 
data. Functionally and spatially, each of these layers can be compared to a single 
CD or magneto-optic information layer where information is stored on spiral or 
circular tracks that are divided into annular zones and sectors, each of which is 
labeled using a respective header inscribed at the beginning of the sector. 
According to these embodiments, the relative motion between the reading spot 
and the data track is achieved by rotation of the disc and axial and radial 
movement of the diffraction limited spot An opto-mechanical assembly that is 
capable of focusing a diffraction limited spot in such media is disclosed in co- 
pending US provisional application serial no. 60/416,274 filed October 7, 2002 
entitled "Method and system for tight focusing of optical reading or recording 
beam inside monolithic storage materiaF co-owned by the present assignee and 
included herein by reference. 

It is assumed that, as the optical medium moves relative to die read spot, 
the track suffers a limited amount of run-out In the case where the storage medium 
is a disc, the run-out is in both r (radial run-out) and z (axial run-out) directions. 
Such distortions can occur in the event that the axis of rotation is slightly off the 
disc center and slightly non-parallel to the disc plane normal, such that the data 
spiral moves relative to the reading spot while the disc rotates. 
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It is a first object of the invention to enable formatting of the optical 
medium so that data can be recorded thereon at any desired location in 3D space 
without confining the data to a layered structure. 

It is a second object of the invention to provide a mechanism for tracking 
data stored in the 3D optical medium after is has been formatted in order to allow 
data to be retrieved from and optionally recorded to and the optical medium- 
According to a first aspect of the invention, there is provided a formatter 
for inscription of marks on to a 3D translucent optical medium to enable recording 
and retrieval of information from the medium, the formatter comprising: 
a clamping mechanism to hold the media, 

an optical unit calibrated to focus at least one diffraction limited spot within 

the medium at a respective depth therein, 

a light source optimized for the inscription of marks, and 

at least one actuator for moving said at least one spot relative to the 

medium. 

According to a second aspect of the invention, there is provided a tracking 
and formatting system for tracking data stored in a 3D formatted optical medium, 
said tracking and formatting system comprising: 

a tracking unit for generating a tracking signal that conforms to the 
formatting pattern in said 3D formatted optical medium to enable calculation of a 
tracking error signal that is used as feedback for servomechanisms that control the 
precise location of a read spot according to said foimatting pattern; and 

a detection unit coupled to the tracking unit and being responsive to the 
tracking signal generated thereby for reading data signals stored in said optical 
medium independent of a spatial structure of the detection unit. 

The invention is particularly directed to the formatting and tracking of a 
3D optical medium that enables the use of a single photodetector to consistently 
retrieve (i.e. track and decode) information stored in the medium. 

Any active medium known in the art that is suitable for 3D optical storage 
is suitable for use according to the present invention. Non-limiting examples of 
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active media are described in above-mentioned USSN 10/240,420 as well as in 
US 5,268,862 (Rentzepis) issued Dec. 7, 1999 and entitled "Three-dimensional 
optical memory", both of which are incorporated herein by reference, stillbene 
derivatives, and azobenzene derivatives. 

It must be clear that though, the embodiments described below are in 
particular concerned with disc shaped media, the formatting and tracking methods 
described are not limited to disc shaped media and apply to any shape of media 
and track of information. 

With regard to the second aspect of the invention, the tracking and format- 
ting may be achieved using different approaches. Thus, in accordance with a first 
approach, a number of base-layers are inscribed inside the disc. The "factory" 
pre-formatted base-layers are written at a very high level of accuracy. In such an 
embodiment, the optical medium is formatted with a formatting pattern that 
includes registration baseline marks arranged in base layers having a known 
mutual separation for enabling data to be written to or read from a desired 
location in the optical medium. Both the reading and writing lasers are focused 
simultaneously with a vertical distance between focal points equal to the required 
layer spacing. Each new consecutive layer is written while reading and tracking a 
layer before it, thus ensuring the correct formatting and spacing of each new 
layer. 

According to the first approach for achieving the formatting and tracking, 
the tracking and formatting system comprises an optical unit adapted to focus at 
least two laser beams of mutually different wavelengths at respective points in the 
optical medium having a controlled mutual displacement, so as to form a read 
spot that is used to obtain a read signal from the optical medium and a write spot 
that is used for recording marks in the optical medium; and 

the tracking unit is responsive to the read spot for tracking an information 
track in a layer that is at least partially recorded so as to allow the write spot to 
record data in an adjacent layer of the optical medium. 
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It will be appreciated that the preferred implementation of the first 
approach described in the detailed description is non-limiting and parameters, 
such as the distance between layers, the number of base layers, the implied 
number of layers between base layer and any other parameters may be varied 
without departing from the scope of the invention as defined by the claims. 

In one embodiment of the tracking unit the writing laser is kept at a fixed 
focal distance while the reading laser is wobbled around the previous layer so as 
to ensure tracking using conical scanning. This method of tracking is disclosed in 
US patent application 10/096,369 and PCT/IL03/00199 filed March 13, 2003 in 
the name of the present assignee. Other tracking mechanisms are possible e.g. a 
three spot mechanism for radial tracking and an autofocus mechanism that are 
known in the art. Such tracking methods rely on the use of a position sensitive 
detector and are known per se. One example of such multi-photo-detector 
methods for 3D optical storage is described in "Multi-layer Optical Data Storage 
Based on Two-photon Recordable Fluorescent Disk Medid\ by Haichuan Zhang 
et al, Proceedings of the Eighteenth IEEE sym. on Mass Storage Systems, April 
17-20, 2001. 

According to a second approach for achieving the formatting and tracking, 
the tracking and formatting system comprises an optical unit adapted to focus at 
least two laser beams of mutually different wavelengths at respective points in the 
optical medium having a controlled mutual displacement, so as to form a read 
spot that is used to obtain a read signal from the optical medium and a write spot 
that is used for recording marks in the optical medium; and 

the tracking unit is responsive to the read spot for tracking an information 
track in a layer that is at least partially recorded so as to allow the write spot to 
record data in the optical medium. 

The manner of operation of such a formatting and tracking system may be 
explained by a simplified 2D example relating to a single linear track represented 
by a line divided into data intervals and servo intervals. A servo system is 
synchronized to the data and servo intervals, e.g. by a special sync word that 
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points the end of the data interval, in the servo interval first appears a leading 
mark, slightly offset to the first side on the track, and, at a delay that is resolvable 
by the system, a second following/trailing servo mark that is slightly offset to the 
other side of the track. The system compares the amplitude of signal from said 
two marks and produces an error signal that is proportional (linearly or non- 
linearly) to the difference between the two amplitudes. 

To accommodate for a known and calibrated offset between the read spot 
and write spot a biased fractional track error signal is generated. A first method 
for calculating a biased error signal as function of two sets of sampled servo 
bursts that are symmetrically offset is by adding symmetry breaking factors to the 
error signal calculation that take into account the linear or non-linear spatial 
nature of the signal from a servo mark as a function of the distance from the read 
spot and the respective shapes of the mark and spot 

A first order formula of the track error signal is of the form: 

(ASl-S2)-B 
S1 + S2) 

where: 

S 1 and S2 are the respective signal amplitudes from the two offset mark 
sequences; 

A and B are symmetry breaking factors; and 
D-(E*S1+S2) is a general normalization factor. 

A second family of methods to accommodate for a known offset between 
the read and write spot is based on the use of higher density servo signals where 
in the case of the simplified 2D example, the higher density is in the off-track 
axis, servo marks can be offset at a multitude of discrete or continuous offsets and 
the various servo signals are identified by special encoding or by their timing. The 
higher density servo marks are used to acquire a tracking error signal in a manner 
similar to two offsets signaling by choosing an appropriate pair of oflset servo 
sequences, symmetry breaking of the tracking error signal can be applied here as 
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well. The use of composite sets of offset servo marks enables a wider lock-in 
range and extraction of higher order tracking error signal. 

Figure 9 depicts the results of using a symmetric second order signal, 
wherein four servo mark sequences are recorded in two pairs of opposite track 
offsets +X, +Y, -X and -Y (|Y|>|X|), respectively. Thus, the servo offsets include 
servo offsets of two different magnitudes and any variations in the fixed offset 
between the read and write spots is corrected by a track error signal of the form: 

A (B Sl-S2) + C (D S3-S4) 
l(E(Sl + FS2) + G(Sl + H-S2)) 

where: 

SI, S2, S3 and S4 are the respective signal amplitudes of the four offset 
mark sequences; 

A, B, C and D are symmetry breaking factors; and 

/ • (E • (SI + F • S2) + G(Sl + H • S2)) is a general normalization factor. 

The resulting track error signal enables locking on to a fixed offset 
between the read and write spots which may be required if there is an offset 
between the read and write spots as is the case depicted in Fig. 9 where the offset 
is around half track pitch. It should also be noted that in the specific embodi- 
ments, the second order track error signal allows a wider range of lock in. 
Symmetry breaking second order track error signals can also be extracted in this 
family of second order signals. With hybrid use of these methods it is possible to 
dynamically choose the best method for the current offset Non-linearity can be 
incorporated or eliminated according to the required track error signal by 
appropriate manipulation of the signals from the differently offset servo marks. 

In its broadest application, the invention provides the freedom to record 
data anywhere in a 3D optical medium, without constraining the data to lie in pre- 
defined layers and without constraining the servo marks to lie in a specific 
orientation. This is rendered possible by the use of homogenous optical storage 
medium in which any voxel/point within determined, constrained three 
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dimensional space can be accessed. In a more limited application of the sampled 
servo technique, there are added along the servo interval, axial tracking marks 
that are slightly offset above and below the track. The axial tracking error is 
extracted in parallel to the radial tracking information. 

Using a servo signaling frequency, that is higher than the response 
frequencies of the mechanical subsystem, allows the use of low pass filtering of 
the sampled servo signals and suppression of noise in these signals. 

The isolated track example considered above is used only for the clarifica- 
tion of the ideas behind the second tracking method. In practice, track pitch 
should be minimized to crowd as much data as is possible in one layer. One of the 
methods known in the art of servo signaling is known under the name of 
'alternating servo'. In this scheme, the roles of the leading and following marks 
alternate between one coil and another of the track spiral or the concentric data 
circles. 

According to this embodiment, the tracking and formatting system further 
includes an error correction unit for correcting tracking errors of a reading spot 
focused on to a nominal track in the optical medium, said error correction unit 
comprising: 

a feedback unit for receiving from the servo modulation marks signals 
having respective amplitudes which vary according to respective servo offset 
magnitudes from a nominal track center or different respective angular tilts 
relative to a nominal track axis or any combination thereof; 

an offset determination unit coupled to the feedback unit and responsive to 
the received signals for determining a direction and relative amplitude of a 
respective, fractional offset of the read spot from the track in radial and axial 
directions; and 

a spot adjustment unit responsively coupled to the offset determination 
unit for adjusting a location of the reading spot accordingly. 

A second family of embodiments of the second formatting and tracking 
method is based on manipulation of the beam profile by manipulation of some of 
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the optical elements in die optical unit that controls the focus and location of the 
light beams. In one related example of such manipulations as used in reflective 
optical media devices and sometimes known as 'optical super-resolution', a non- 
transmitting ring obscures part of the objective to create a tighter spot This is an 
example of a manipulation that is aimed at changing the beam profile in a specific 
plane, namely the focal plane, and does not change the symmetry of the beam 
profile, while servo sampling methods are required to extract directional 
information and therefore require a less symmetrical beam profile. Having beam 
profiles that are oriented diagonally to the optical axis enables the creation of 
marks that are diagonally oriented, this being a unique feature of media that has 
three dimensional nature. Fig. 12 illustrates pictorially the use of oriented marks 
for the navigation of the spot in the radial direction. A specific embodiment of a 
manipulation that creates a tilted mark is the addition of a liquid crystal panel that 
blocks approximately two thirds of one half of the clear aperture of the optical 
unit, focusing the recording beam. In Fig. 1 1 the track is drawn from a tangential 
view (track going into the page). The two partially overlapping ellipses indicate 
the two orientations of servo marks that are tilted relative to this track. If the 
reading spot 1110 drifts along one of two diagonal directions, along the 
orientation of the marks, then the signal from one servo marks sequence become 
weaker much faster than the signal from the other servo marks sequence. The 
information is not complete, as it does not indicate in which direction along the 
mark was the relative movement of the spot. The missing information is added by 
either adding servo marks that have other deformations or by combining these 
methods with other tracking methods, such as those of the first family of the 
second approach for achieving the tracking and formatting. An embodiment of 
tracking with complete information is illustrated in Fig. 10, where an additional 
pair of servo marks is used (blue), that are tilted in the tangential direction. These 
marks enable derivation of an error signal in the axial direction, substantially 
having every servo mark play the role of two axial i.e. non-tilted servo marks of 
the first family of die second approach to formatting and tracking, thus 
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completing the information. The use of the tangentially tilted marks has the 
benefit of one simple scheme for all servo marks but requires more accurate 
timing of the sampling of the tangentially tilted mark to ensure that comparison is 
indeed between the first part of the mark that is below (or above) the track and the 
second part that is on the other side. Methods for creating tilted beam profiles are 
discussed in the detailed description of the invention and include partial, asym- 
metrical, obscuration of the objective or the creation of aberrations e.g. comma 
aberrations by tilting one of the optical elements. 

It will be understood that the preferred implementations of the second 
approach described in the detailed description are also non-limiting and the 
sampled servo signaling may or may not have dedicated track intervals. If the 
sampled servo has dedicated intervals, these intervals can be of constant linear 
length, of constant angular length or even of varying lengths. A continuous data 
sequence may be located using continuous servo information from adjacent servo 
tracks in the radial and axial directions. The servo signaling marks can 
additionally be encoded by varying the location of the marks, either by varying 
the location along the track or by varying the offset from the track. Coding may 
also be achieved by varying the lengths and by varying the amplitudes of the 
signals emanated by the read process from these marks, e.g. by varying the 
amplitude of the write pulse that inscribes these servo marks. Servo signal marks 
can also be of varying sizes. One of the embodiments described below in the 
detailed description relates to a case where the servo marks are larger than the 
minimal mark size of the system, which in turn afreets the packing of information 
tracks. Efficient packing of the tracks can, for example, be achieved by the use of 
circular tracks and the use of servo marks in alternating inscription. The 
alternating servo marks can be used either only in radial or axial directions, or in 
both. All these additional variations of sampled servo marks allow improved 
extraction of the tracking error signal from the sampled servo marks and the 
encoding of additional information by these marks. Non-limiting examples of 
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such additional information encoding is the encoding of sector or layer identity or 
the encoding of system information such as disc version and production batch. 

The formatting apparatus is very similar for both formatting methods. A 
formatter is composed of a very stable spindle that holds the disc with a very 
strong clamping mechanism, a very stable optical unit (OPU) that is capable of 
focusing to the diffraction limit at different depths at a high level of repeatability 
is located over the disc and a very stable actuator is holding said OPU is capable 
of locating the OPU at different radial location allowing either the continuous 
inscription of a spiral of sample servo marks or the discontinuous inscription of 
sampled servo marks in circles. In another embodiment of the formatter the single 
beam OPU is replaced by a multi-beam OPU, non-limiting examples of methods 
to create an OPU with multitude of beam are the use of a number of simple 
optical units in parallel, the use of hybrid lens or a grating, or the use of a diode 
laser array Any method known in the art to create a multitude of beams of 
satisfactory quality is applicable. The multitude of beams can be used to either 
inscribe one layer after the other (serial inscription) or a few layers in parallel. 
The details of such embodiment are described below. 

It is yet a further object of the invention to satisfy other formatting 
requirements such as creating sector, zone and layer header information, synchro- 
nization information and auxiliary information as may be required by a customer 
of the optical medium. 

In addition, in one embodiment the optical medium is designed to be a 
double sided disc having tracks on opposite sides of the middle of the disc that are 
mutually counter-rotating. It is important that the tracks on opposite sides of the 
disc do not overlap so that when the reading mechanism reads one side it cannot 
inadvertently access the tracks on the other side. This may be achieved by leaving 
a volume between the two central layers empty of data thus ensuring no mistaken 
intrusion by the reading head into that half of the disc that is made to rotate in the 
opposite direction. 



05-3-1447440 



I 



-16- 

The frequency response of the tracking mechanism must be high enough 
to be able to respond to changes of the relative location of the track and the spot, 
at the expense of the implied decrease in the information capacity of the track 
inherent in the increased number of servo marks. If the tracking information 
frequency is much higher than the required feedback frequencies, low pass 
techniques can be used to increase the feedback signal quality. 

Locking on to a track can be achieved by the extension of methods known 
in the art for locking on to a one or two layered medium, e.g. a slow and 
controlled modulation of the location of the spot that gradually allows the 
tracking error signal to take control over the servo loop. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In order to understand the invention and to see how it may be carried out 
in practice, specific embodiments will now be described, by way of non-limiting 
example only, with reference to the accompanying drawings, in which: 

Fig. 1 is a schematic representation of a formatter using only a single spot; 

Figs. 2a and 2b are schematic representations showing respectively side 
and top views of a formatter that uses a plurality of spots; 

Fig. 2c is a schematic representation of an optical unit for splitting the 
spots into many focal points; 

Fig. 3 is a side view showing the location of base layers according to a 
first formatting method; 

Fig. 4 shows tracking and recording of a new layer according to a first 
approach; 

Fig. 5a is a schematic representation of a sampled servo for a single track; 

Fig. 5b is a schematic representation showing a group of adjacent tracks 
with alternating sampled servo; 

Fig. 6 is a schematic representation showing a 3D sampled servo of a 
single track according to a first family of a second approach; 
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Fig. 7 is a schematic representation of sampled servo using servo marks 
that are larger than the data marks ; 

Figs. 8a, 8b and 8c show schematically side, tangential and top 
projections respectively of a patch from a three dimensional space that contains 
both data tracks and alternating sample servo marks, the alternating sample servo 
marks are larger that the data marks; 

Fig. 9 is a graphical representation showing a tracking error signal as a 
function of deviation from a nominal track center; 

Fig. 10 is a schematic representation showing a 3D sampled servo of a 
single track according to a second family of the second approach; 

Fig. 11 shows a projection along the tangential axis of the 3D sampled 
servo shown in Fig. 10; 

Fig. 12 is a schematic representation showing the equivalence between 
marks tilted along the tangential axis and two axially offset marks; 

Fig. 13 is a schematic representation showing an interleaved track having 
data sections separated by servo sections; and 

Figs. 14 to 16 show graphically the effect of obscuration on the spot 

profile. 

DETAILED DESCRIPTION OF INVENTION 

Referring to Fig. 1 there is shown functionally a formatting system 100 for 
a 3-D optical storage medium 101. The formatting system 100 comprises a rotary 
shaft 102 driven by an appropriate driving motor (not shown) for rotating the 
optical storage medium 101 set thereon, and an optical head 103 for writing 
information on to or reading information from one of the tracks in the optical 
storage medium 101. In the specific embodiment, the optical unit 103 comprises a 
semiconductor laser, laser driving circuits and an optical system creating a 
focused spot. In one embodiment of the invention reduced to practice, these 
components may be realized by off-the-shelf components and so are not shown is 
the figure. The location of the spot is controlled by actuator 104. 
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Figs. 2a and 2b show schematically side and plan views of an optical unit 
for splitting the spots into many focal points so as attain a multi-spot formatter. A 
multi-spot optical unit 201 creates a multitude of spots, enabling the simultaneous 
inscription of a number layers, making formatting faster and thus less costly. To 
this end, the optical unit 201 may contain multiple objective lenses as shown in 
Fig. 2b, through each of which, light sources are focused on to a spot or a number 
of spots in the disc. Figure 2c is a schematic representation of an optical unit for 
splitting the spots into many focal points through a single objective lens. 

Fig. 3 is a side view showing the location of base layers according to a 
first formatting method and depicts the actual format of the disc used thereby. Fig. 
3a shows a slice through the 3D optical disc, the indications in Fig. 3a designated 
by (b) and (c) indicating the zooming in the respective sub-figures. Fig. 3b 
illustrates the structure of the formatted disc in the few hundred microns adjacent 
to the surface of the disc 201. In the specific embodiment, the distance between 
the surface of the disc 201 and the first base layer denoted by dl is 100 micron 
and the distance between consecutive base layers denoted by d2 is 160 micron. 
Fig. 3c illustrates die structure of the formatted disc by looking at the center of die 
disc. The distance, in the center of the disc, between the first spiral base layer of 
the first half of die disc and its counter rotating pair is denoted by d3. In the 
embodiment shown in the figure, d3 is 40 microns and the total disc thickness is 6 
mm. Fig. 4 shows schematically tracking and writing a new layer to a formatted 
disc according to a first approach. The optical unit that is modeled as a focusing 
lens, for the sake of explanation only, focuses two beams of different wavelengths 
at different depths of the disc, separated by a distance d4. The reading spot 401 
tracks a spiral that is already inscribed at a certain depth in a layer whose plane is 
indicated by a dashed line 402, this spiral track serving as a master. At the same 
time, a writing spot 403 inscribes a new spiral separated by d4 from die reading 
spot in the vertical direction, but having the same location along die other axes as 
its die master. 
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Figs 5a and 5b are schematic representations showing a simplified 2D 
view of the sampled servo technique of a second formatting method. Fig. 5a 
illustrates the method of extracting tracking error signal from a single track. The 
location of the track that is allocated for data is indicated by dashed intervals and 
dotted intervals indicate the locations allocated for the servo marks. Servo marks, 
that are the marks inscribed at the formatting step, are offset to the nominal track 
location, so that as the reading spot passes along the nominal track a tracking 
signal is collected from the servo marks. The signal is proportional, linearly or 
non-linearly to the overlap between the read spot and the servo marks. If the 
reading spot is exactly centered on the nominal track location, then the overlap 
with the servo marks offset to the sides of the tracks is the same and the 
difference between the signal obtained from a sequence of servo marks is zero. If 
the reading spot is nominally offset to the track, then the filtered signal from a 
first sequence of marks will be different from the signal from the second sequence 
of marks, located on the other side of the track and this difference will serve as 
tracking error signal, indicating the direction in which the reading spot should be 
moved. 

Fig. 5b illustrates the use of alternating servo in the simplified 2D scheme 
on a patch of ten tracks tl,.., tlO. The direction of reading spot scan is from left to 
right along the page, the servo marks of the odd numbered tracks having the left 
indicating servo marks first and the right indicating servo marks second, the latter 
marks serving as left indicating marks for the even numbered tracks, thus 
changing the order between the left indicating and right indicating signals. 

Fig. 6 is a schematic representation showing a 3D sampled servo of a 
single track according to a first family of a second approach. The track is defined 
by servo marks that reside at dedicated intervals, the servo marks being offset to 
the nominal track 600 in both radial and vertical directions. In the embodiment 
shown in the figure, the radially offset marks 601 and 602 precede the axially 
offset marks 603 and 604. 
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Fig. 7 is a schematic representation of sampled servo using servo marks 
that are larger than the data marks. To attain higher density, the data marks 
determine the track pitch and therefore the servo marks cannot be packed in the 
simple alternating method. Trying to use simple alternating servo would mean 
that the servo marks are substantially located on the nominal track and slight 
offset of the read spot would not bring a substantial change in the signal from 
such marks. To accommodate for such constraint, the servo marks of different 
tracks are located differently along the servo interval. The tracks are divided into 
four groups denoted a, b, c and d that recur periodically one after the other, each 
track having a specific delay between the end of the data interval and the 
occurrence of the servo marks, thus averting the problem of overlap associated 
with the simple alternating servo marks. 

Figs. 8a, 8b and 8c show corresponding side, tangential and top 
projections respectively in a 3D optical storage medium. Fig. 8a is a side view of 
the patch of tracks, emphasizing the illustrated four layers, the temporal/spatial 
order between the servo marks in different layers. The relative locations of the 
servo marks and their alternating character is better illustrated in the tangential 
view, Fig. 8b. The axial servo mark sequences, e.g., 810 are in between the track 
layers, e.g., 820 and 830 and the radial servo sequences are in the plane of the 
data, e.g., 840, in the plane of 850 and 860. The alternating character of the servo 
marks should be noted whereby in between two tracks in both axial and radial 
directions there is only one sequence of servo marks that serves as a common 
track indicator for each adjacent data track. The temporal delays between the 
different servo marks that allow the separation of the different signals may be 
seen in Fig. 8c. 

In Figs. 8a, 8b and 8c, the tracks and servo marks are drawn substantially 
to scale. Each ellipsoid designates the size of a mark, whose size should be less 
than 2 micron diameter in the tangential and radial directions and less than 10 
microns in the axial direction. In the specific embodiment shown in the figures, 
the marks are of diameter of 1 micron in the radial and tangential directions and 6 
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microns in the axial direction. Many methods for encoding data in the data 
interval are known in the art and therefore are not illustrated in the drawings. The 
over-simplified encoding of information by the data marks is plain binary 
encoding where the two states of the encoding/decoding are defined by the 
appearance of a mark in a certain location. Other much more efficient encoding 
scheme are known. It should also be noted, that the servo marks can be arranged 
as headers and servo bursts. Many sync methods indicating the end of one 
interval and the start of the next, either servo or data intervals, are known in the 
art and therefore are not illustrated in the drawings. 

Hie distance between layers is 10 microns, the distance between tracks is 
2 microns and the minimal distance between marks along the track is less than 2 
microns. The reading spot in the specific embodiment has a diameter of 1.5 
microns. 

Fig. 9 is a graphical representation showing a tracking error signal as a 
function of deviation from a nominal track center, characteristic of different 
formatting and tracking systems. The first S-curve 901 (dashed blue line) is 
calculated for a pair of sampled servo mark sequences that are evenly offset to the 
nominal track. The S-curve represents the symmetric difference SI - S2. The 
second S-curve is calculated using a second order formula of the form: 

A-(B-Sl-S2) + C-(D-S3-S4) 
I(E(SI + FS2) + G(S1 + HS2)) 

where: 

SI, S2, S3 and S4 are the respective signal amplitudes of the four offset 
marie sequences; 

A, B, C and D are symmetry breaking factors; and 

l (E (S\ + F S2)+G(Sl + H S2)) is a general normalization 

factor. 

Fig. 13 is a schematic representation showing an interleaved track having 
data sections separated by servo sections. 
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Considering the second family of servo marks of the second method of 
formatting and tracking, the formatting and tracking mechanism is described in 
more detail. With reference to the embodiments shown in Figs. 10-12 and 
summarized in Fig. 10, the servo interval has four types of marks, a pair of 
radially tilted marks in the radial-axial plane 1010, 1020 and a pair of marks tilted 
in the tangential- axial plane, 1030, 1040. 

To extract the servo error signal, each of the signals from each servo mark 
sequence is phase locked on to and low pass filtered. Two tracking error signals 
are calculated. The first is the difference between the signals derived from the two 
radial marks, which gives an indication along one of the tilted orientation. This is 
elaborated in Fig. il showing a view of a projection of the marks tilted in the 
radial-axial plane 1010, 1020, the view being from the track axis. The read spot 
1 1 10 is viewed from this direction as well. If the read spot is off-axis as in Fig. 11, 
then the signal from mark 1020 is substantially higher than the signal from mark 
1010. Note that if the spot is inverted as indicated by 1 1 1 1 the signal is equal, and 
in this case a second indication is required to remove ambiguity. 

The second signal indicating the direction of the offset of the read spot, 
below or above the nominal track, is extracted from the tangentially tilted tracks. 
Each mark is sampled twice at successive times t| and t 2 and the respective 
signals (after phase lock and low pass filtering) are designated Slti, Slt 2 , S2ti and 
S2t 2 . Hie formula for calculating the direction of the offset is given by 
(Slt l +S2t 2 )-(Slt 2 +S2t 1 ). 

Note that in principle there is need only for one tangentially tilted mark but 
the averaging of the response from the two oppositely tilted marks reduces noise, 
mostly jitter noise. It should also be noted that owing to the aberrated character of 
the tilted spots they are not diffraction limited. The sampling rate should be high 
enough to yield samples from the different areas of the tangentially tilted marks. 

Fig. 12 illustrates pictorially the use of oriented marks for the navigation 
of the spot in the radial direction. A specific embodiment of a manipulation that 
creates a tilted marie is the addition of a liquid crystal panel that blocks 
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approximately two thirds of one half of the clear aperture of the optical unit 
focusing the recording beam. 

In the preferred embodiment, tilted beam profiles are created by partial, 
asymmetrical, obscuration of the objective or the creation of aberrations e.g. 
comma aberrations, by tilting one of the optical elements. Consider in more detail 
the beam profiles as calculated by an evaluation of 2D integral over die aperture 
area for each field point. This integral is a mathematical manifestation of 
Huygens principle that considers every point on a wave front as source of waves. 
In our case, the field in the aperture has constant magnitude (well overfilled) and 
phase that fit concentric spheres centered in the lens focal point (this is a 
definition of an aberration-less lens). The 2D integration is performed for each 
point in the focal zone r, z grid point (axial symmetry avoids the need to use 3D 
grid in the focal zone), (Reference may be made to Goodman, Joseph W., 
"Introduction to Fourier Optics" 1968). 

In order to consider the results of the calculation, Figs. 14, 15 and 16 are 
sets of figures each containing three diagrams showing the creation of 
asymmetrical beam profiles (shown in Figs. 15 and 16) from a symmetrical beam 
profiles (shown in Fig. 14). Figs. 14 a-c show the objective and beam profile of a 
non-obscured objective and should be viewed in comparison to the next sets of 
figures. 

Fig. 14a shows the non-obscured objective lens. Fig. 14b shows the 
resulting beam profile in the radial plane of the focus. Note that it is a tight 
symmetrical focus, less than 1.5 microns in diameter. Fig. 14c shows the beam 
profile in a slicing plane along the optical axis (z). Note that the focus is also tight 
and symmetric, less than 5 microns in depth. 

Fig. 15 is a first example of asymmetric obscuration of the objective. Fig. 
15a shows the geometric nature of the obscuration. Fig. 1 5b shows that the profile 
of the spot in the focal plane has not changed substantially, with only minor 
degradation. Fig. 15c shows a significant change in the profile along the optical 



05-3-1447440 



-24- 

axis. It is clearly manifested that there is a significant change of signal from the 
volumes denoted by 1510 and 1520. 

Figs. 16a - c show another example of another obscuration of the 
objective that gives an even more extreme tilt of the beam profile and of the mark 
created by the respective spot It should be noted that the asymmetric beam 
shaping techniques can be applied either in recording marks or reading, or in 
both. 

Whilst the invention has been described with particular regard to a 
formatting and tracking system for use with a 3-D optical storage medium 
wherein data is stored as voxels written in the bulk of the material, it will be 
understood that (he principles of the invention are equally applicable to other 
kinds of 3D technologies where a need of geometrical indications arise or to non- 
optical or hybrid storage media. 

In the method claims that follow, alphabetic characters and Roman 
numerals used to designate claim steps are provided for convenience only and do 
not imply any particular order of performing the steps. 
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CLAIMS: 

1. A formatter for inscription of marks on to a 3D translucent optical medium 
to enable recording and retrieval of information from the medium, the formatter 
comprising: 

a clamping mechanism to hold the media, 

an optical unit calibrated to focus at least one diffraction limited spot within 

the medium at a respective depth therein, 

a light source optimized for the inscription of marks, and 

at least one actuator for moving said at least one spot relative to the 

medium. 

2. The formatter according to claim 1, further including a controller for 
controlling fluctuations in ambient conditions in order to attenuate formatting 
variations caused thereby. 

3. The formatter according to claim 1 , wherein the medium is disc shaped 
and the motion of the spot relative to the medium is via rotation of the disc and 
motion of the OPU. 

4. The formatter according to claim 0, wherein the optical unit includes a 
beam splitter for splitting the beam whereby a plurality of marks are inscribed 
simultaneously. 

5. The formatter according to claim 1 , wherein the optical unit is an assembly 
including a plurality of component accurately calibrated rigid optical units each 
being focused at a different depth and the assembly is adapted to move relative to 
the media so as to inscribe a multitude of tracks simultaneously. 

6. A formatted 3D translucent optical medium having a formatting pattern 
that is generated by a formatter according to claim 0. 

7. The formatted optical medium according to claim 0, wherein the format- 
ting pattern includes registration baseline marks for enabling data to be written to 
or read from a desired location in the optical medium. 
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8. The formatted optical medium according to claim 0, wherein the registra- 
tion marks are arranged in base layers having a known mutual separation, 

9. The formatted optical medium according to claim 0, being a disc having 
two sides and a thickness of 6 mm, wherein: 

the base layer separation is 160 micron; 

an intermediate volume free of data having a depth of 80 micron; and 
there is a minimal distance between a base layer and a surface of the disc of 
200 micron. 

10. The formatted optical medium according to claim 0, wherein the 
registration marks are servo marks that are radially or axially offset or angularly 
tilted relative to an axis of the data track. 

11. The formatted optical medium according to claim 0, wherein a plurality of 
discrete servo offsets or a continuous range of servo offsets of the servo marks are 
used to obtain the servo information. 

12. The formatted optical medium according to claim 0, wherein the servo 
offsets are respective offset magnitudes from a nominal track center or different 
respective angular tilts relative to a nominal track axis. 

13. The formatted optical medium according to claim 9, wherein the format- 
ting pattern comprises intervals along each data track, each of said intervals 
having a respective type that indicates a property of the data associated with the 
interval. 

14. The formatted optical medium according to claim 6, wherein the 
formatting pattern comprises zoned spirals, sectors and headers. 

15. A tracking and formatting system for tracking data stored in the 3D 
formatted optical medium according to claim 6, said tracking and formatting 
system comprising: 

a tracking unit for generating a tracking signal that conforms to die 
formatting pattern in said 3D formatted optical medium to enable calculation of a 
tracking error signal that is used as feedback for servomechanisms that control die 
precise location of a read spot according to said formatting pattern; and 
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a detection unit coupled to the tracking unit and being responsive to the 
tracking signal generated thereby for reading data signals stored in said optical 
medium independent of a spatial structure of the detection unit. 

16. The tracking and formatting system according to claim 15, wherein : 

the formatting pattern includes registration baseline marks arranged in base 
layers having a known mutual separation for enabling data to be written to or read 
from a desired location in the optical medium; 

the tracking and formatting system further comprises an optical unit adapted 
to focus at least two laser beams of mutually different wavelengths at respective 
points in the optical medium having a controlled mutual displacement, so as to 
form a read spot that is used to obtain a read signal from the optical medium and a 
write spot that is used for recording marks in the optical medium; and 

said tracking unit is responsive to the read spot for tracking an information 
track in a layer that is at least partially recorded so as to allow the write spot to 
record data in an adjacent layer of the optical medium. 

17. The tracking and formatting system according to claim 16, wherein the 
base layers include test areas to validate that there is no over-writing of the base 
layers. 

18. The tracking and formatting system according to claim 1 S, wherein: 

all data layers are pre-formatted at high accuracy and include a plurality of 
servo modulation marks disposed along opposite sides of each data track so as to 
be radially, axially or angularly offset relative to an axis of the data trade; and 

an optical unit is adapted to focus two laser beams of mutually different 
wavelengths at respective points in the optical medium having a controlled small 
offset, so as to form a read spot that is used to obtain a read signal from the 
optical medium and a write spot that is used for recording marks in the optical 
medium. 

19. The tracking and formatting system according to claim 18, wherein the 
servo marks are arranged in a plurality of discrete offsets or a continuous range of 
offsets. 
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20. The tracking and formatting system according to claim 18, wherein servo 
marks and the data marks are of different sizes. 

21. The tracking and formatting system according to claim 18, including an 
error correction unit for correcting tracking errors of a reading spot focused on to 
a nominal track in the optical medium, said error correction unit comprising: 

a feedback unit for receiving from the servo modulation marks signals 
having respective amplitudes which vary according to respective servo oflset 
magnitudes from a nominal track center or different respective angular tilts 
relative to a nominal track axis or any combination thereof; 

an offset determination unit coupled to the feedback unit and responsive to 
the received signals for determining a direction and relative amplitude of a 
respective, fractional offset of the read spot from the track in radial and axial 
directions; and 

a spot adjustment unit responsively coupled to the offset determination unit 
for adjusting a location of the reading spot accordingly. 

22. The tracking and formatting system according to claim 21, wherein the 
offsets are arranged as a plurality of discrete servo offsets or a continuous range 
of servo oflFsets of the servo marks. 

23. The tracking and formatting system according to claim 21, wherein any 
variations in the fixed offset between the read and write spots is corrected by a 
track error signal of the form: 

(A-S1-S2)-B 
D(£-S1 + S2) 

where: 

SI and S2 are the respective signal amplitudes from the two offset mark 
sequences; 

A and B are symmetry breaking factors; and 
D (E*S1+S2) is a general normalization factor. 

24. The method according to claim ??, wherein two pairs of servo offset marks 
are used in each axis to obtain the servo indication. 
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25. The tracking and formatting system according to claim 18, wherein the 
servo offsets include servo offsets of two different magnitudes and any variations 
in the fixed offset between the read and write spots is corrected by a track error 
signal of the form: 

A-(B.Sl-S2) + C(D-S3-S4) 
l(E(Sl + FS2) + G(Sl + H-S2j) 

where: 

SI, S2, S3 and S4 are the respective signal amplitudes of the four offset 
mark sequences; 

A, B, C and D are symmetry breaking factors; and 

l (E- (SI + F • 52) + G(Sl + H - 52)) is a general normalization factor. 

26. The tracking and formatting system according to claim 1 8, wherein: 

the formatting pattern comprises a multitude of intervals along each data 
track, each of said intervals having a respective type that indicates a property of 
the data associated with the interval. 

27. The tracking and formatting system according to claim Error! Reference 
source not found., wherein the formatting pattern comprises zoned spirals, 
sectors and headers. 

28. The tracking and formatting system according to claim 26, wherein said 
intervals include two types relating respectively to user data and to servo and 
system information. 

29. The tracking and formatting system according to claim 26, wherein said 
intervals include two types of intervals having respective constant linear lengths a 
first being dedicated mostly to user data and a second being dedicated mostly to 
servo and system infonnation. 

30. The tracking and formatting system according to claim 26, wherein said 
intervals include two types of intervals having respective constant angular lengths 
a first being dedicated mostly to user data and a second being dedicated mostly to 
servo and system information. 
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31. The reading unit according to claim 18, wherein the servo modulated 
marks encode auxiliary information in addition to nominal track center. 
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ABSTRACT 

A 3D translucent optical medium is formatted to enable recording and 
retrieval of information from the medium fiom any location within the bulk of the 
medium without constraining the data to lie in pre-defined layers. 
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